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ABSTRACT
SN 2017eaw, the tenth supernova observed in NGC 6946, was a normal Type II-P supernova with an
estimated 11 – 13 M red supergiant progenitor. Here we present nebular phase spectra of SN 2017eaw
at +545 and +900 days post-max, extending approximately 50 – 400 days past the epochs of previously
published spectra. While the +545 day spectra is similar to spectra taken between days +400 and
+493, the +900 day spectrum shows dramatic changes both in spectral features and emission line
profiles. The Hα emission is flat-topped and box-like with sharp blue and red profile velocities of
' −8000 and +7500 km s−1. These late-time spectral changes indicate strong circumstellar interaction
with a mass-loss shell, expelled ∼ 1700 years before explosion. SN 2017eaw’s +900 day spectrum is
similar to those seen for SN 2004et and SN 2013ej observed 2 – 3 years after explosion. We discuss
the importance of late-time monitoring of bright SNe II-P and the nature of pre-supernova mass-loss
events for SN II-P evolution.
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1. INTRODUCTION
Supernovae (SNe) play an important role for chemical
enrichment of the interstellar medium and in their host
galaxies evolution including the creation of neutron stars
and stellar-mass black holes. Core-collapse SNe arise
from the death of massive stars (≥ 8 M) and those
that have hydrogen in their spectrum are classified as
Type II events (Filippenko 1997; Arcavi 2017; Gal-Yam
2017).
Further sub-classifications are based on light curve
evolution. Historically, Type II-plateau SNe (SNe II-P)
have a plateau phase following peak brightness which
lasts of order 2 – 3 months before a linear decline, while
Type II-linear SNe (SNe II-L) decline linearly almost
immediately after reaching peak brightness. However,
recent studies have suggested a more continuous distri-
bution of Type II SNe based on light curve decay rates
rather than a bimodal distribution, where the length
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plateau is related to the mass of the progenitor, with
lower mass progenitors having longer plateaus (Ander-
son et al. 2014; Valenti et al. 2016; Gutie´rrez et al. 2017).
Archival images showing the progenitors of supernovae
prior to explosion have led to the identification of red su-
pergiants (RSGs) for the progenitors of SNe II-P (e.g.
Van Dyk et al. 2003; Smartt et al. 2004; Maund &
Smartt 2009; Fraser et al. 2012, 2014; Maund et al.
2014a,b). The initial masses of these RSG progenitors
are typically inferred to be between 9.5 – 16.5 M (e.g.,
Smartt et al. 2009; Smartt 2015). This mass range is
supported by models of SN II-P nebular phase spectra
(Jerkstrand et al. 2012, 2014).
As SNe evolve, they become more optically transpar-
ent due to decreased ejecta density, which leads to an in-
creasingly emission-line dominated nebular phase start-
ing ∼ 150 – 200 days after peak brightness. This nebular
phase can provide valuable insights into the kinematic
and elemental properties of a SN’s ejecta, as well as
information about the SN’s circumstellar (CSM) envi-
ronment. Bright supernovae are especially valuable for
these studies as they can be observed longer in the neb-
ular phase.
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One of the brightest recent SN II-P was SN 2017eaw
in NGC 6946, the 10th supernova in this galaxy in the
past century. SN 2017eaw was discovered on 2017 May
14.238 (UT) (Wiggins 2017; Dong & Stanek 2017) and
reached a peak V magnitude of 12.8. Its light curve and
spectroscopic evolution followed that of a normal SN II-
P (Cheng et al. 2017; Xiang et al. 2017; Tomasella et al.
2017; Tsvetkov et al. 2018; Szalai et al. 2019; Van Dyk
et al. 2019; Buta & Keel 2019).
Archival Hubble Space Telescope (HST) and Large
Binocular Telescope images of NGC 6946 enabled the
identification of SN 2017eaw’s progenitor as an esti-
mated 11 – 13 M RSG (Van Dyk et al. 2017; Kilpatrick
& Foley 2018; Johnson et al. 2018; Rui et al. 2019). In
addition, archival Spitzer imaging also showed that the
progenitor was surrounded by a dusty T = 960 K shell
at 4000 R (Kilpatrick & Foley 2018).
Late-time, nebular phase CSM interactions have been
reported for a few SNe II-P. The optical signature of a
SN’s interaction with surrounding CSM is the appear-
ance of a box-like or horned Hα emission feature as the
outer layers of hydrogen-rich ejecta are heated by radi-
ation from the forward shock colliding with the CSM
(Chevalier & Fransson 2003, 2006, 2017; Milisavljevic
et al. 2012). Box-like or flat-topped emission profiles
result from ejecta colliding with shells of CSM, while
horned profiles result from collisions with CSM disks
(Gerardy et al. 2000; Jerkstrand 2017). The timescale
at which the collision occurs allows one to determine
the radius of the CSM shell or disk, while the Hα veloc-
ity width gives information about the CSM density, as
denser CSM will decelerate the ejecta more resulting in
narrower emission (e.g., Kotak et al. 2009; Andrews &
Smith 2018).
Signatures of ejecta-CSM interactions have been ob-
served in a few SNe II-L/P before ∼ 500 days:
SN 2007od (Andrews et al. 2010), SN 2004dj (Andrews
et al. 2016), PTF11iqb (Smith et al. 2015), SN 2011ja
(Andrews et al. 2016), SN 2013by (Black et al. 2017),
and SN 2017gmr (Andrews et al. 2019). However, box-
like emission profiles indicating ejecta-CSM interaction
with CSM shells have only been observed for three
SNe II-P, and in these cases the ejecta-CSM interac-
tion was observed after ∼ 800 days: SN 2004et (Kotak
et al. 2009; Maguire et al. 2010), SN 2013ej (Mauerhan
et al. 2017), and iPTF14hls (Andrews & Smith 2018;
Sollerman et al. 2019).
Box-like and horned profiles have been observed more
commonly in other types of core-collapse supernovae, for
example in Type IIn: SN 1998S (Gerardy et al. 2000),
SN 2005ip (Smith 2017), and SN 2013L (Andrews et al.
2017), Type IIb: SN 1993J, (Matheson et al. 2000a,b),
SN 2011dh (Shivvers et al. 2013), and SN 2013df (Maeda
et al. 2015) and Type II-L: SN 1980K (Fesen & Becker
1990). SN 1993J, the prototypical SN IIb, shows boxy
Hα emission starting at day +669 which lasts until at
least day +2500 (Matheson et al. 2000a,b).
In this paper we present optical spectroscopy of
SN 2017eaw at +545 and +900 days after explosion. We
found significant changes in spectral evolution between
these two epochs indicative of late-time ejecta-CSM in-
teraction. The observations are presented in §2 with the
results and discussion presented in §3. Our conclusions
are summarized in §4.
2. OBSERVATIONS
As part of an optical survey of recent core-collapse
SNe in nearby galaxies, we obtained photometric and
spectroscopic observations of SN 2017eaw in NGC 6946.
Using the Hiltner 2.4m telescope at MDM Observa-
tory equipped with the Ohio State Multi-Object Spec-
trograph (OSMOS; Martini et al. 2011) and an ITL
4064 × 4064 CCD, R-band photometry was obtained
on 7 November 2018, 14 December 2018 and 3 May
2019. Additional photometry observations using a filter
matching the HST WFPC2 F675W filter were obtained
on 30 September and 28 October 2019. The F675W is a
broadband red continuum filter covering the majority of
the same emission features as a standard R band filter
but with greater sensitivity of the weak, broad [Ca II]
and [O II] emission blend. Below we treat F675W im-
ages as roughly equivalent (±0.25 mag) to images taken
in R band. Observations were reduced using the OS-
MOS1 imaging reduction pipeline in Astropy (Astropy
Collaboration et al. 2013, 2018). Standard methods of
aperture photometry were followed in combination with
data from Buta & Keel (2019) to calibrate our images
and measure magnitudes of SN 2017eaw.
Optical spectra of SN 2017eaw were taken on 7 – 9
November 2018 using OSMOS and a 1′′ wide slit with a
red VPH grism. Exposure times were 3000 s or 4000 s.
Observations were reduced using the OSMOS spectral
reduction pipeline in Astropy (Astropy Collaboration
et al. 2013, 2018) and calibrated using Hg and Ne lamps
and spectroscopic standard stars (Oke 1974; Massey &
Gronwall 1990). To improve the signal to noise of the
final spectrum, three individual observations were com-
bined to a single 11,000 second exposure. We adopted
1 https://github.com/jrthorstensen/thorosmos
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Figure 1. Spectra of SN 2017eaw taken at +545 and +900 days. The +545 day spectrum is offset by a constant and smoothed
by a boxcar of width 1. The +900 day spectrum is smoothed by a boxcar of width 7. Major emission features for each spectrum
are marked.
a time since explosion of +545 days2 using the aver-
age date of the three individual exposures: 8 November
2018.
R band images of NGC 6946 taken in early Fall 2019
revealed SN 2017eaw was still visible. Using the MMT
6.5m telescope equipped with Binospec (Fabricant et al.
2019), we obtained a spectrum on 29 October 2019, ap-
proximately +900 days after explosion. Observations
consisted of 3× 1260 s exposures with a 1′′ slit and the
270 line grating with 1.′′23 seeing and thin cirrus. Data
were reduced using the Binospec pipeline (Kansky et al.
2019) and calibrated with Ne lamps and night sky lines,
and flux calibrated with standard star observations.
3. RESULTS AND DISCUSSION
SN 2017eaw’s evolution followed that of a standard
Type II-P supernova before day ∼ +500 with similar
photometric and spectroscopic properties to SN 2004et
2 We adopted an explosion date of 2017 May 12.2 (JD 2,457,885.7)
(Van Dyk et al. 2019) throughout this paper which is approxi-
mately one day earlier than the value used in Rui et al. (2019)
and Szalai et al. (2019).
(Tsvetkov et al. 2018; Rho et al. 2018; Rui et al. 2019;
Szalai et al. 2019; Van Dyk et al. 2019; Tinyanont et al.
2019; Buta & Keel 2019). There was little evidence of
CSM interaction for SN 2017eaw in all previously pub-
lished results, which cover SN 2017eaw’s evolution up to
day +594. A small and brief magnitude increase was ob-
served in the optical light curve of SN 2017eaw between
6 – 10 days after explosion, similar to that observed in
SN 2012aw, which has been attributed to CSM interac-
tion (Szalai et al. 2019). There was also a weak narrow
Hα emission feature which only appeared in the 1.4 day
spectrum (Rui et al. 2019).
The +545 day nebular phase spectrum of SN 2017eaw
shown in Figure 1 is dominated by ejecta emission lines
with strong Hα 6563 A˚, [O I] 6300, 6364 A˚, and blended
[Ca II] 7291, 7323 A˚ and [O II] 7320, 7330 A˚ emission.
The spectral shape and observed emission lines closely
resemble the +482 and +490 day spectra, but the flux
has decreased by approximately 50 percent (Van Dyk
et al. 2019; Szalai et al. 2019). Other strong line emis-
sions are marked in Figure 1, which agree with other
nebular phase emission spectra for SNe II-P (e.g., Jerk-
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Figure 2. Comparison of the Hα and [O I] emission profiles
of SN 2017eaw taken at +545 and +900 days. The Hα broad-
ens from HWZI∼ 2000 km s−1 on day +545 to∼ 8000 km s−1
on day +900.
strand et al. 2012; Silverman et al. 2017; Van Dyk et al.
2019).
The [O I] and blended [Ca II] + [O II] emis-
sion are asymmetric with blue-shifted emission pro-
files. The [O I] 6300 A˚ emission peaks on the blue-
side at −600 km s−1 while on the red-side the peak is at
3000 km s−1. For the blended [Ca II] + [O II] feature, the
emission peaks at −1600 km s−1, with a red-component
at approximately 2000 km s−1. Modeling this blended
profile as two components, one red and one blue, the
blue component contained 60 percent of the total flux.
The asymmetries and the shifted emission profiles indi-
cate the presence of dust in the oxygen-rich ejecta layers,
in agreement with dusty progenitors suggested by Khan
(2017), Kilpatrick & Foley (2018), Szalai et al. (2019),
and Van Dyk et al. (2017, 2019).
Further evidence for dust in SN 2017eaw’s ejecta is in-
dicated by Spitzer infrared observations up to +560 days
post explosion, from which dust masses of 10−4 M of
silicate dust and 10−6 M carbonaceous dust were esti-
mated (Tinyanont et al. 2019). This amount of dust is
100 to 10,000 smaller than model predictions for SNe II-
P. However, more dust may form over time and/or the
dust may have formed quickly and currently be ob-
scured in optically thick regions so that the observed
dust mass would increase as the ejecta becomes opti-
cally thin (Tinyanont et al. 2019).
3.1. Ejecta-Circumstellar Interaction
Our +900 day spectrum shown in Figure 1 revealed
a drastic change in the supernova’s optical spectrum.
The Hα emission now appears broad and box-like while
the [O I] and [Ca II] + [O II] blend have broadened but
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Figure 3. R-Band light curve of SN 2017eaw to +899 days
since the explosion. This paper’s data extends the light curve
of Buta & Keel (2019) shown in black. At day +721, the R-
band magnitudes begin to level off possibly signalling the
beginning of the ejecta-CSM interaction, however no spectra
are available at that time.
decreased in relative strength compared to Hα. In addi-
tion, weak, blended, and broad Hβ and [O III] emission
are also present. The narrow emission features from the
blends of Fe II below 6000 A˚ are no longer visible and
neither is the blend of Fe I, Fe II, Ba II at approxi-
mately 6100 A˚. The significant changes to the Hα and
[O I] emission profiles is highlighted in Figure 2.
The boxy Hα profile is strong evidence of ejecta-CSM
interaction. The emission extends between approxi-
mately −8000 and +7500 km s−1. The fact that this
box-like feature is so broad (HWZI ∼ 8000 km s−1) sug-
gests that the highest velocity ejecta are running into
high density CSM before the ejecta have become op-
tically thin. Further, the flat-top of this feature indi-
cates the CSM is a thick shell rather than a disk or
torus which would have horn-like emission profiles that
with increased emission at the highest velocities (Ger-
ardy et al. 2000; Jerkstrand 2017).
The larger bumps in the otherwise flat-topped Hα pro-
file appear to be real as they are stronger and wider than
simply noise on top of the flat emission profile. These
features may indicate either clumpy ejecta interacting
with a thick shell of CSM material, or smooth ejecta in-
teracting with a clumpy shell of CSM emission (Gerardy
et al. 2000; Jerkstrand 2017).
We can constrain the approximate epoch for ejecta-
CSM interaction via the R-band light curve evolution, as
shown in Figure 3. The late-time nebular phase R-band
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evolution between days +290 and +564 followed a decay
rate of 1.469± 0.031 mag (100 d)−1 (Buta & Keel 2019).
However, at +721 days, SN 2017eaw had an observed R-
band magnitude of 21.73±0.25 indicating a change in the
decay rate. Between +720 and 871 days the light curve
was flat with a slight decrease ≈ 0.1 mag between +871
and +899 days. No observations were obtained between
+590 and +721 days, as SN 2017eaw was behind the
Sun. Pre-explosion HST images of the SN 2017eaw site
indicate that no bright optical sources are located within
a radius of 2′′ (Van Dyk et al. 2019), meaning that late-
time measurements do not have significant contributions
from underlying host emission.
One can calculate the electron density, ne, of the
ionized hydrogen ejecta, from the recombination time
τr = (αAne)
−1, where αA is the recombination coeffi-
cient of hydrogen. Assuming a temperature of 10, 000 K,
a recombination time of 100 days, the electron density
is 2.77 × 105 cm−3. We choose a recombination time of
100 days, as the light curve data indicates a flattening
between day +581 and +721. However, as we have no
spectral data between day +545 and +900, the recom-
bination time could be somewhat longer.
We can also estimate the mass within the ionized hy-
drogen using
MH+ =
mp4pid
2F c(Hα)
hνHαα
eff
Hα (H
0, Te)Ne
(1)
where mp is the mass of the proton, F
c(Hα) is the ex-
tinction corrected Hα flux, hνHα is the energy of an Hα
photon, and αeffHα (H
0, Te) is the effective recombination
coefficient of Hα (Melnik & Copetti 2013). Using the
electron density found from recombination, the extinc-
tion corrected flux of 2.3 ± 0.3 × 10−14 erg s−1 cm−2, a
distance to NGC 6946 of 7.73±0.78 Mpc (Van Dyk et al.
2019), we estimate ∼ 1.9 M of ionized hydrogen ejecta.
This estimate is in agreement with SNe II-P/II-L hy-
drogen mass envelope estimates which range from 1 –
10 M (Cappellaro & Turatto 2001), while more recent
classifications have defined SN II-P explosions as hav-
ing hydrogen envelope masses as low as MH ≥ 0.3 M
(Limongi 2017). This is a lower limit on the mass of the
hydrogen envelope as we assumed the entire hydrogen
envelope was fully ionized to make the initially density
estimate. If, however, it is only partially ionized, then
the mass of the hydrogen envelope would be higher.
3.2. Similarities to SN 2004et and SN 2013ej
A few other SNe II-P observed late in the nebular
phase have also shown box-like Hα profiles indicating
ejecta-CSM interactions. These include SN 2004et (Ko-
tak et al. 2009; Maguire et al. 2010), SN 2013ej (Mauer-
han et al. 2017), and iPTF14hls (Andrews & Smith
Figure 4. 900 day spectrum of SN 2017eaw (black) com-
pared to late-time spectra of the other two SN II-P showing
box-like profiles: SN 2004et (top blue; Kotak et al. 2009) and
SN 2013ej (bottom red; Mauerhan et al. 2017). The spec-
tra have been normalized and a small constant was added to
SN 2013ej so that the normalized continuum emission below
6000 A˚ was approximately equal to SN 2017eaw. SN 2004et
and SN 2013ej spectra were obtained from the WISeREP
(Yaron & Gal-Yam 2012).
2018; Sollerman et al. 2019). Box-like emission profiles
were first observed on day +823 for SN 2004et, on day
+807 for SN 2013ej (Mauerhan et al. 2017), and on day
+1153 for iPTF14hls (Andrews & Smith 2018).
Figure 4 shows a comparison SN 2017eaw’s spectrum
at day +900 with SN 2004et at day +933 (top panel)
and SN 2013ej at day +807 (bottom panel), while Fig-
ure 5 shows the Hα emission feature for these three SNe
in terms of radial velocity. The spectra of SN 2017eaw
and SN 2004et showed nearly identical broad, box-like
Hα emission with the same relative strength of [O I]/Hα.
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Figure 5. Hα line emission relative to expansion velocity for
SN 2017eaw (black), SN 2004et (blue, dashed) and SN 2013ej
(red, dashed-dotted). All three SNe have box-like Hα emis-
sion profiles which rise at ∼ −8000 km s−1. SN 2017eaw and
SN 2004et emission extends to ∼7500 km s−1 while SN 2013ej
extends further to the red to approximately 10,000 km s−1.
Note: the blue side of the Hα emission feature overlaps with
the red side of the [O I] 6300, 6364 A˚ emission.
In addition, the [O I] emission profiles have very simi-
lar widths and similar blueshifted emission profiles. For
SN 2013ej, its Hα emission on the red side was broader
than SN 2017eaw and its [O I]/Hα ratio was stronger
than that observed for SN 2017eaw. SN 2004et had
an Hα emission profile with a HWZI of ∼ 8500 km s−1
(Kotak et al. 2009), while SN 2013ej had a HWZI of ∼
9000 km s−1 (Mauerhan et al. 2017) and iPTF14hls, (not
shown in these figures) had a HWZI of ∼ 1500 km s−1
(Andrews & Smith 2018).
We note that SN 2017eaw’s boxy Hα emission also re-
sembles the boxy emission from the Type IIb SN 1993J
at day +975 (Matheson et al. 2000a,b) as shown in Fig-
ure 6. Compared to SN 2017eaw, SN 1993J’s oxygen-
rich ejecta emission are weaker compared to its Hα emis-
sion. For SN 1993J the boxy Hα emission was clearly ob-
served as early as day +300 (Finn et al. 1995), when [O I]
and Hα emission were equal in strength. The [O I] emis-
sion faded more rapidly compared to the Hα emission
in SN 1993J. The Hα emission of SN 1993J is slightly
wider than that observed for SN 2017eaw, but also rel-
atively flat. We note that for SN 1993J the box-like
Hα emission feature has been modelled having signifi-
cant contribution from [N II] at these late-times due to
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Figure 6. Hα line emission relative to expansion velocity
for SN 2017eaw (black) and the Type IIb, SN 1993J (red,;
Matheson et al. 2000a,b). The spectra have been normalized
such that continuum emission to the red of Hα is approxi-
mately equal. Note: the blue side of the Hα emission feature
overlaps with the red side of the [O I] 6300, 6364 A˚ emission.
The SN 1993J spectrum was obtained from the WISeREP
(Yaron & Gal-Yam 2012).
the low hydrogen envelope mass in SN IIb events (Jerk-
strand et al. 2014).
We now focus on comparing SN 2017eaw with
SN 2004et and SN 2013ej which show comparable ex-
pansion velocities and time frames for CSM interac-
tion. Unlike what is observed for both SN 2004et and
SN 2013ej, the Hα profile of SN 2017eaw appears virtu-
ally flat, with no hint of decreased flux on the receding
red side compared to those on the near blue facing side
(e.g., Mauerhan et al. 2017). This suggests that there is
not a significant amount of dust in the CSM or ejecta
which would absorb the emission from the far side of the
supernova. Furthermore, SN 2017eaw does not show a
multi-peaked Hα profile like that observed for SN 2004et
and SN 2013ej (Kotak et al. 2009; Mauerhan et al. 2017).
The Hα luminosity of SNe II-P can be used to deter-
mine the ejecta nickel mass based on the well-modeled
exponential decay rate in the nebular phase (e.g., Chugai
1990). Following the plateau phase, the Hα luminosity
of SN 2017eaw, SN 2004et and SN 2013ej exponentially
declined until CSM interaction is observed in their spec-
tra, between +800 and +900 days, see Figure 7. The Hα
luminosities were measured from previously published
spectra of SN 2004et (Sahu et al. 2006; Kotak et al.
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Figure 7. Observed Hα luminosity of SN 2017eaw (black
squares) as a function of age compared with SN 2004et
(blue squares; Sahu et al. 2006; Kotak et al. 2009), and
SN 2013ej (red squares; Valenti et al. 2014; Mauerhan et al.
2017). SN 2017eaw luminosity measurements before +481
days were determined from the spectra presented in Van
Dyk et al. (2019). Between approximately +481 and +900
days the Hα emission remained almost constant. SN 2004et
and SN 2013ej Hα luminosity measurements were made us-
ing spectra obtained from the WISeREP (Yaron & Gal-Yam
2012). Error bars represent 20 percent error in the flux mea-
surements arising from uncertainties in the line shape and
absolute flux calibration of the individual spectra.
2009) and SN 2013ej (Valenti et al. 2014; Mauerhan et al.
2017) obtained from the WISeRep database (Yaron &
Gal-Yam 2012). For SN 2004et and SN 2017eaw the lu-
minosity was determined using the Van Dyk et al. (2019)
7.73±0.78 Mpc distance to NGC 6946. For SN 2017eaw
the Hα flux at +900 days is about 90 percent of the flux
at +545 days, which does not follow the exponential de-
cay predicted and previously observed throughout the
rest of the nebular phase.
Infrared (IR) studies of SN 2017eaw between days
+100 to +600 showed a similar evolution to SN 2004et
which experienced an IR rebrightened at day +1000
shortly after showing CSM interaction in the optical
(Tinyanont et al. 2019). SN 2013ej also showed a re-
brightening around +800 days, approximately the same
time as the broadening and flattening of the Hα pro-
file (Mauerhan et al. 2017). The IR brightening in
SN 2004et and SN 2013ej cannot be explained solely
with IR echos from preexisting dust in the CSM. The
more likely scenario is that the MIR increase is from
heated dust formed in the CDS as a result of the ejecta-
CSM collision (Kotak et al. 2009; Mauerhan et al. 2017).
Follow-up IR imaging of SN 2017eaw would likely show
a similar rebrightening as the ejecta interacts with the
CSM.
3.3. Characteristics of the Circumstellar Material
We can estimate the radius for the CSM shell sur-
rounding SN 2017eaw by assuming the maximum ob-
served ejecta velocity at day +900 has not greatly
changed since the start of CSM interaction. The ra-
dius of the CSM shell is then given by rshell = vt, where
v is the ejecta velocity and t is the date of initial ejecta-
CSM interaction. From R-band photometry, the ejecta-
CSM interaction occurred on or before day +721, and,
and using the Hα emission velocity from our +900 day
spectrum as the velocity of ejecta 8500 km s−1, the ra-
dius of the CSM shell is approximately 5.3 × 1016 cm
or 0.017 pc. Interestingly, the size of this CSM shell is
similar to the 8× 1016 cm shell estimated for SN 2004et
(Kotak et al. 2009). Assuming typical red supergiant
(RSG) wind speeds of 10 km s−1, the mass-loss episode
responsible for this material would have had to occur
∼ 1700 yr before SN 2017eaw exploded.
Due to long term monitoring of NGC 6946 for SNe
or failed supernovae, there exists archival optical and
infrared images of SN 2017eaw’s progenitor for nine
years prior to explosion. The progenitor showed little
variability, ruling out eruptive mass loss episodes for
approximately a decade prior to explosion (e.g., John-
son et al. 2018; Tinyanont et al. 2019). The CSM
around SN 2017eaw was likely sculpted by photoion-
ized trapped RSG wind with similar to structure to that
observed around Betelgeuse, with estimated mass-loss
rates M˙ ∼ (0.9−5)×10−6 M yr−1 (Kilpatrick & Foley
2018; Tinyanont et al. 2019).
In order to exhibit box-like emission features, the cool-
ing time must be shorter than the adiabatic time scale to
enable the formation of the cold dense shell behind the
reverse shock (Chevalier & Fransson 2003, 2006, 2017;
Kotak et al. 2009). From an analysis of SN 2017eaw, like
that done for SN 2004et, we estimate the cooling time
as tc = 4.6 × 10−3(M˙−5/uw1)−1V 5.34s4 t2days days, where
M˙−5 is the mass loss rate in units of 10−5 M yr−1, uw1
is the wind velocity in units of 10 km s−1 and Vs4 is the
ejecta velocity in units of 104 km s−1 (Chevalier & Frans-
son 2003; Kotak et al. 2009). Since the box-like emis-
sion was present in SN 2017eaw’s day +900 spectrum,
the shock must still be radiative. Using the width of
the Hα emission Vs ≈ 104 km s−1 and the typical RSG
wind speeds of uw = 10 km s
−1, we estimate the mass
loss rate of the progenitor as M˙ ≈ 3 × 10−6 M yr−1
in agreement with previous results derived from X-ray
luminosities shortly after outburst and progenitor SED
analysis.
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3.4. Frequency of SNe II-P Showing Late-Time CSM
Interactions
Analysis of 38 SNe II-P in the nebular phase up to
day +500 did not find any showing box-like emission
profiles (Silverman et al. 2017). This raises the ques-
tion of whether bright Type II-P objects like SN 2004et,
SN 2013ej, and SN 2017eaw which have observations
past day +500 are unique in showing interaction or if
there is simply an underlying observational bias of too
few very late-time observations.
Since the majority of SNe II-P are not observed 2 –
3 years after explosion, some or maybe most may un-
dergo similar CSM interactions and we simply have not
realized it due to a lack of very late-time observations.
To answer the question more SNe II-P events need to be
studied in the 2 – 3 year time frame. We note that all
three cases where late-time CSM interactions were ob-
served, the SNe II-P were relatively bright; SN 2017eaw
reached V = 12.8 mag, SN 2013ej reached 12.5 mag,
and SN 2004et reached 12.6 mag.
Consequently, it is worthwhile to photometrically and
spectroscopically follow the next bright SN II-P event.
Moreover, since SN 2004et is still visible (Long et al.
2019), other bright SN II-P events with similar ages
should be looked at again to investigate if they might
also still be visible. Although any late-time emission,
if present, will be quite faint, such additional late-time
detections will give us useful information to better un-
derstand the CSM environments around SNe II-P.
4. CONCLUSIONS
SN 2017eaw’s optical spectrum dramatically evolved
between day +545 and +900, developing a box-like, flat-
topped Hα emission profile, indicative of ejecta-CSM
interaction. The Hα emission at day +900 dominated
the spectrum relative to the oxygen-rich ejecta emission
which was strong in earlier phase spectra. SN 2017eaw is
just the third SN II-P with observed ejecta-CSM inter-
action with box-like emission profiles after +500 days.
However, unlike like the other late-time SNe II-P spec-
tra, SN 2017eaw showed a fairly flat-topped profile in-
dicating little dust is present in the CSM shell.
Given the similarity of SN 2017eaw’s evolution with
that of SN 2004et up to day +900, we can predict some
of SN 2017eaw’s future spectroscopic evolution. Spec-
tra of SN 2004et taken at 10.2 years resembled its day
+933 spectrum, in that broad, box-like Hα emission was
still observed while oxygen emission increased in rela-
tive strength to the Hα (Long et al. 2019). It is there-
fore likely that the broad Hα profile observed in the
+900 day spectrum of SN 2017eaw will also still be sus-
tained for several years to come. In any case, even if
SN 2017eaw’s luminosity fades below practical spectro-
scopic levels, continued photometric monitoring of its
evolution would be worthwhile.
ACKNOWLEDGMENTS
We wish to thank Eric Galayda and the MDM and
MMT staffs for assistance with our observations and
John Thorstensen for his assistance in the reduction
of some of the data used in this paper. K. E. W. ac-
knowledges support from Dartmouth’s Guarini School
of Graduate and Advanced Studies, and the Chandra X-
ray Center under CXC grant GO7-18050X. D. J. P. ac-
knowledges support from NASA contract NAS8-03060.
D. M. acknowledges support from the National Science
Foundation under Award No. PHY-1914448. Some of
the observations reported here were obtained at the
MMT Observatory, a joint facility of the Smithsonian
Institution and the University of Arizona.
Facilities: Hiltner (OSMOS), MMT (Binospec)
Software: Astropy v4.0 (Astropy Collaboration et al.
2013, 2018), Binospec Pipeline v1.0-20190502 (Kan-
sky et al. 2019), OSMOS Pipeline (thorosmos: https:
//github.com/jrthorstensen/thorosmos)
REFERENCES
Anderson, J. P., Gonza´lez-Gaita´n, S., Hamuy, M., et al.
2014, ApJ, 786, 67, doi: 10.1088/0004-637X/786/1/67
Andrews, J. E., & Smith, N. 2018, MNRAS, 477, 74,
doi: 10.1093/mnras/sty584
Andrews, J. E., Smith, N., McCully, C., et al. 2017,
MNRAS, 471, 4047, doi: 10.1093/mnras/stx1844
Andrews, J. E., Gallagher, J. S., Clayton, G. C., et al.
2010, ApJ, 715, 541, doi: 10.1088/0004-637X/715/1/541
Andrews, J. E., Krafton, K. M., Clayton, G. C., et al. 2016,
MNRAS, 457, 3241, doi: 10.1093/mnras/stw164
Andrews, J. E., Sand, D. J., Valenti, S., et al. 2019, ApJ,
885, 43, doi: 10.3847/1538-4357/ab43e3
Arcavi, I. 2017, in Handbook of Supernovae, ed. A. W.
Alsabti & P. Murdin (Springer International Publishing
AG), 239, doi: 10.1007/978-3-319-21846-5 39
SN 2017eaw 9
Astropy Collaboration, Robitaille, T. P., Tollerud, E. J.,
et al. 2013, A&A, 558, A33,
doi: 10.1051/0004-6361/201322068
Astropy Collaboration, Price-Whelan, A. M., Sipo˝cz, B. M.,
et al. 2018, AJ, 156, 123, doi: 10.3847/1538-3881/aabc4f
Black, C. S., Milisavljevic, D., Margutti, R., et al. 2017,
ApJ, 848, 5, doi: 10.3847/1538-4357/aa8999
Buta, R. J., & Keel, W. C. 2019, MNRAS, 487, 832,
doi: 10.1093/mnras/stz1291
Cappellaro, E., & Turatto, M. 2001, in The Influence of
Binaries on Stellar Population Studies, ed.
D. Vanbeveren, Vol. 264 (Dordrecht: Kluwer Academic
Publishers), 199, doi: 10.1007/978-94-015-9723-4 16
Cheng, Y.-C., Chen, T.-W., & Prentice, S. 2017, The
Astronomer’s Telegram, 10374, 1
Chevalier, R. A., & Fransson, C. 2003, in Supernovae and
Gamma-Ray Bursters, ed. K. Weiler, Vol. 598
(Springer-Verlag), 171–194,
doi: 10.1007/3-540-45863-8 10
—. 2006, ApJ, 651, 381, doi: 10.1086/507606
—. 2017, in Handbook of Supernovae, ed. A. W. Alsabti &
P. Murdin (Springer International Publishing AG), 875,
doi: 10.1007/978-3-319-21846-5 34
Chugai, N. N. 1990, Soviet Astronomy Letters, 16, 457
Dong, S., & Stanek, K. Z. 2017, The Astronomer’s
Telegram, 10372, 1
Fabricant, D., Fata, R., Epps, H., et al. 2019, PASP, 131,
075004, doi: 10.1088/1538-3873/ab1d78
Fesen, R. A., & Becker, R. H. 1990, ApJ, 351, 437,
doi: 10.1086/168480
Filippenko, A. V. 1997, ARA&A, 35, 309,
doi: 10.1146/annurev.astro.35.1.309
Finn, R. A., Fesen, R. A., Darling, G. W., Thorstensen,
J. R., & Worthey, G. S. 1995, AJ, 110, 300,
doi: 10.1086/117519
Fraser, M., Maund, J. R., Smartt, S. J., et al. 2012, ApJL,
759, L13, doi: 10.1088/2041-8205/759/1/L13
—. 2014, MNRAS, 439, L56, doi: 10.1093/mnrasl/slt179
Gal-Yam, A. 2017, in Handbook of Supernovae, ed. A. W.
Alsabti & P. Murdin (Springer International Publishing
AG), 195, doi: 10.1007/978-3-319-21846-5 35
Gerardy, C. L., Fesen, R. A., Ho¨flich, P., & Wheeler, J. C.
2000, AJ, 119, 2968, doi: 10.1086/301390
Gutie´rrez, C. P., Anderson, J. P., Hamuy, M., et al. 2017,
ApJ, 850, 90, doi: 10.3847/1538-4357/aa8f42
Jerkstrand, A. 2017, in Handbook of Supernovae, ed. A. W.
Alsabti & P. Murdin (Springer International Publishing
AG), 795, doi: 10.1007/978-3-319-21846-5 29
Jerkstrand, A., Fransson, C., Maguire, K., et al. 2012,
A&A, 546, A28, doi: 10.1051/0004-6361/201219528
Jerkstrand, A., Smartt, S. J., Fraser, M., et al. 2014,
MNRAS, 439, 3694, doi: 10.1093/mnras/stu221
Johnson, S. A., Kochanek, C. S., & Adams, S. M. 2018,
MNRAS, 480, 1696, doi: 10.1093/mnras/sty1966
Kansky, J., Chilingarian, I., Fabricant, D., et al. 2019,
Binospec: Data reduction pipeline for the Binospec
imaging spectrograph. http://ascl.net/1905.004
Khan, R. 2017, The Astronomer’s Telegram, 10373, 1
Kilpatrick, C. D., & Foley, R. J. 2018, MNRAS, 481, 2536,
doi: 10.1093/mnras/sty2435
Kotak, R., Meikle, W. P. S., Farrah, D., et al. 2009, ApJ,
704, 306, doi: 10.1088/0004-637X/704/1/306
Limongi, M. 2017, in Handbook of Supernovae, ed. A. W.
Alsabti & P. Murdin (Springer International Publishing
AG), 513, doi: 10.1007/978-3-319-21846-5 119
Long, K. S., Winkler, P. F., & Blair, W. P. 2019, ApJ, 875,
85, doi: 10.3847/1538-4357/ab0d94
Maeda, K., Hattori, T., Milisavljevic, D., et al. 2015, ApJ,
807, 35, doi: 10.1088/0004-637X/807/1/35
Maguire, K., Di Carlo, E., Smartt, S. J., et al. 2010,
MNRAS, 404, 981, doi: 10.1111/j.1365-2966.2010.16332.x
Martini, P., Stoll, R., Derwent, M. A., et al. 2011, PASP,
123, 187, doi: 10.1086/658357
Massey, P., & Gronwall, C. 1990, ApJ, 358, 344,
doi: 10.1086/168991
Matheson, T., Filippenko, A. V., Ho, L. C., Barth, A. J., &
Leonard, D. C. 2000a, AJ, 120, 1499, doi: 10.1086/301519
Matheson, T., Filippenko, A. V., Barth, A. J., et al. 2000b,
AJ, 120, 1487, doi: 10.1086/301518
Mauerhan, J. C., Van Dyk, S. D., Johansson, J., et al. 2017,
ApJ, 834, 118, doi: 10.3847/1538-4357/834/2/118
Maund, J. R., Mattila, S., Ramirez-Ruiz, E., & Eldridge,
J. J. 2014a, MNRAS, 438, 1577,
doi: 10.1093/mnras/stt2296
Maund, J. R., Reilly, E., & Mattila, S. 2014b, MNRAS,
438, 938, doi: 10.1093/mnras/stt2131
Maund, J. R., & Smartt, S. J. 2009, Science, 324, 486,
doi: 10.1126/science.1170198
Melnik, I. A. C., & Copetti, M. V. F. 2013, A&A, 553,
A104, doi: 10.1051/0004-6361/201220604
Milisavljevic, D., Fesen, R. A., Chevalier, R. A., et al. 2012,
ApJ, 751, 25, doi: 10.1088/0004-637X/751/1/25
Oke, J. B. 1974, ApJS, 27, 21, doi: 10.1086/190287
Rho, J., Geballe, T. R., Banerjee, D. P. K., et al. 2018,
ApJL, 864, L20, doi: 10.3847/2041-8213/aad77f
Rui, L., Wang, X., Mo, J., et al. 2019, MNRAS, 485, 1990,
doi: 10.1093/mnras/stz503
Sahu, D. K., Anupama, G. C., Srividya, S., & Muneer, S.
2006, MNRAS, 372, 1315,
doi: 10.1111/j.1365-2966.2006.10937.x
10 Weil et al.
Shivvers, I., Mazzali, P., Silverman, J. M., et al. 2013,
MNRAS, 436, 3614, doi: 10.1093/mnras/stt1839
Silverman, J. M., Pickett, S., Wheeler, J. C., et al. 2017,
MNRAS, 467, 369, doi: 10.1093/mnras/stx058
Smartt, S. J. 2015, PASA, 32, e016,
doi: 10.1017/pasa.2015.17
Smartt, S. J., Eldridge, J. J., Crockett, R. M., & Maund,
J. R. 2009, MNRAS, 395, 1409,
doi: 10.1111/j.1365-2966.2009.14506.x
Smartt, S. J., Maund, J. R., Hendry, M. A., et al. 2004,
Science, 303, 499, doi: 10.1126/science.1092967
Smith, N. 2017, in Handbook of Supernovae, ed. A. W.
Alsabti & P. Murdin (Springer International Publishing
AG), 403, doi: 10.1007/978-3-319-21846-5 38
Smith, N., Mauerhan, J. C., Cenko, S. B., et al. 2015,
MNRAS, 449, 1876, doi: 10.1093/mnras/stv354
Sollerman, J., Taddia, F., Arcavi, I., et al. 2019, A&A, 621,
A30, doi: 10.1051/0004-6361/201833689
Szalai, T., Vinko´, J., Ko¨nyves-To´th, R., et al. 2019, ApJ,
876, 19, doi: 10.3847/1538-4357/ab12d0
Tinyanont, S., Kasliwal, M. M., Krafton, K., et al. 2019,
ApJ, 873, 127, doi: 10.3847/1538-4357/ab0897
Tomasella, L., Benetti, S., Cappellaro, E., et al. 2017, The
Astronomer’s Telegram, 10377, 1
Tsvetkov, D. Y., Shugarov, S. Y., Volkov, I. M., et al. 2018,
Astronomy Letters, 44, 315,
doi: 10.1134/S1063773718050043
Valenti, S., Sand, D., Pastorello, A., et al. 2014, MNRAS,
438, L101, doi: 10.1093/mnrasl/slt171
Valenti, S., Howell, D. A., Stritzinger, M. D., et al. 2016,
MNRAS, 459, 3939, doi: 10.1093/mnras/stw870
Van Dyk, S. D., Filippenko, A. V., Fox, O. D., et al. 2017,
The Astronomer’s Telegram, 10378, 1
Van Dyk, S. D., Li, W., & Filippenko, A. V. 2003, PASP,
115, 1289, doi: 10.1086/378308
Van Dyk, S. D., Zheng, W., Maund, J. R., et al. 2019, ApJ,
875, 136, doi: 10.3847/1538-4357/ab1136
Wiggins, P. 2017, Central Bureau Electronic Telegrams,
4390, 1
Xiang, D., Rui, L., Wang, X., et al. 2017, The Astronomer’s
Telegram, 10376, 1
Yaron, O., & Gal-Yam, A. 2012, PASP, 124, 668,
doi: 10.1086/666656
